Understanding the acid-base interactions is important in chemistry, biology and material science as it helps to rationalize materials properties such as interfacial properties, wetting, adhesion and adsorption. Quantitative relation between changes in enthalpy (ΔH) and frequency shift (Δν) during the acid-base complexation is particularly important. We investigate ΔH and Δν of twenty-five complexes of acids (methanol, ethanol, propanol, butanol and phenol) with bases (benzene, pyridine, DMSO, Et 2 O and THF) in CCl 4 using intermolecular perturbation theory calculations. ΔH and Δν of complexes of all alcohols with bases except benzene fall in the range from −14 kJ mol −1 to −30 kJ mol −1 and 215 cm −1 to 523 cm −1 , respectively. Smaller values of ΔH (−2 kJ mol −1 to −6 kJ mol −1 ) and Δν (23 cm −1 to 70 cm −1 ) are estimated for benzene. Linear correlations are found between theoretical and experimental values of ΔH as well as Δν. For all the studied complexes, ΔH varies linearly (R 2 ≥ 0.97) with Δν concurrent with the Badger-Bauer rule yielding the average slope and intercept of 0.053(± 0.002) kJ mol −1 cm and 2.15(± 0.56) kJ mol −1 , respectively.
Introduction
The fundamental reaction of an acid and a base proposed originally by Lewis 1 is the formation of an acid-base complex. The acid-base complex is formed by sharing an electron-pair between an acid and an electron-pair donating base. Such acid-base reactions to form complexes play an important role in chemistry, biology and materials science. For example, interfacial properties in polymer blends, 2,3 adhesion, 4, 5 adsorption, 6 glass transition temperature, 7 swelling, 8 and ice nucleation and cirrus cloud formation in the environment 9 are affected by these acid-base complexations. Extensive research on stability and thermodynamics of acid-base complex formation began in the 1960s. Pearson 10 introduced qualitative acid-base scales based on hard and soft acids and bases (HSAB) principles to understand the stability of the acid-base complex in liquid solutions. Lee 11 extended HSAB principles to solid-solid interactions including metals and semiconductors. Drago 12, 13 proposed a four-parameter equation to calculate the enthalpy of acid-base complex in the gas phase or in inert solvents from the susceptibilities of the acid and the base to undergo an electrostatic and a covalent interaction. Accordingly, stable acid-base complex is formed when both the acid and the base have large susceptibilities. Gutmann 14 proposed a two-parameter equation to estimate enthalpy of acid-base complex, equally valid for complexes of amphoteric species, based on an acceptor number of the acid and a donor number of the base.
In addition to thermodynamic properties, the formation of hydrogen-bonded acid-base (H-bonded acid-base) complex, X H · · · B, also changes spectral properties, X H and B representing acid and base, respectively. For instance, the stretching vibration of the X H bond shifts to lower frequency upon complex formation, and the frequency shift (Δν) is related to the strength of base, possibly because of the charge transfer that changes the force constant. 15 Hydrogen bonded complexes are also characterized by low-field shift in the NMR spectrum. 16 Hence, a relationship between Δν and thermodynamic properties is expected. Badger and Bauer 17 proposed the first relation between Δν and the enthalpy change (ΔH) in CS 2 or CCl 4 solution of H-bonded alcohol complexes. The magnitude of Δν is the difference between O H frequency of free acid and O-H frequency of H-bonded acid. ΔH is the enthalpy change in acid-base complexation that corresponds to the difference between the enthalpy of acid-base complex and the sum of enthalpies of acid and base in dilute solution. The Badger-Bauer rule states that the greater the value of ΔH, the larger the value of Δν, which allows an efficient estimation of ΔH from a simple infrared spectrum using the linear equation,
Here, m and c are the slope and the intercept of ΔH versus Δν plot, respectively. Over the past 70 years, a large number of experimental studies 13, 15, [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] focused on determining ΔH and Δν. Most of these studies were carried out to validate Badger-Bauer relation for acid-base interactions. These studies were on reference acids such as aliphatic alcohols, phenol and their substituted derivatives. In these works, the hydrogen-bond donor was constant and the universal applicability of Eq. (1) was tested for a broad range of acceptor molecules ( Table 1) . As can be seen in Table 1 , the reported slope (m) and the intercept (c) range from 0.043 kJ mol −1 to 0.13 kJ mol −1 cm and −9.11 kJ mol −1 to 15.06 kJ mol −1 , respectively for different donor-acceptor systems. Hence, the Badger-Bauer relation has been in the past, and is still, a subject of debate. Due to the advancement of quantum chemical computations, it is now possible to compute reliable ΔH and Δν values for acid-base interactions and compare them with the reported experimental data, which makes it possible to directly validate the Badger-Bauer relation. A few quantum chemical calculations of complexation energies of water-complex 36 and methanol-complex 37 in the gas phase have been reported, concluding that complexation energies calculated using B3LYP and MP2 methods are generally reliable. Recently, Kone et al. 28 have reported quantum chemical calculations of ΔH and Δν at B3LYP and MP2 levels for hydrogen-bonded complexes between methanol and twenty-three bases in the gas phase. ΔH and Δν computed at the B3LYP/6-31+G(d,p) level are found to be correlated with the values of 0.0436(± 0.0073) and 6.07(± 2.09) for m and c [Eq. (1) 
Computational Methods
The second-order Moller-Plesset perturbation (MP2) theory combined with the basis set 6-31+G(d,p) was applied to perform calculations. 38 The geometries of isolated acid and base molecules were fully optimized initially in the gas phase. Starting from these optimized geometries, minimum energy geometries of acid-base complexes were then fully optimized as done previously for methanol complexes.
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Starting from each of these fully-optimized geometries, vibrational frequencies of all thirty-five minimum-energy geometries were calculated in the harmonic approximation at the same level and are scaled by 0.939. Minimum energy of each structure was confirmed from all-positive normal-mode frequencies because, each negative frequency, if produced, represents a transition state on a potential energy surface (PES). All theoretical calculations were performed using the Gaussian 09 (G09) package 39 in vacuum as well as in CCl 4 solvated medium. Solvation effect of CCl 4 was modeled using the polarizable continuum method (PCM). 40 The PCM method has been validated as a reliable method to describe spectroscopic and thermodynamic properties in solution.
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For the hydrogen-bonded acid-base complexation,
the enthalpy of complex formation, ΔH, of a hydrogen-bonded complex is the enthalpy change of the reaction [Eq. (2)] at 298 K and 1 atm. It was calculated using G09 directly from appropriate sums and differences of enthalpies of reactants and products as
Here, ΔH is the result of contribution of different terms as
In Eq. (4), the first term is the change in electronic interaction energy. The second term is the change in zero point vibrational energy. The ZPE is the difference in energy of equilibrium geometry (lowest point on PES) and the energy of vibrationless energy level, v = 0. ΔE rot , ΔE trans and ΔE vib are changes in rotational, translational and vibrational energies in going from 0 K to 298 K, respectively. The last two terms account for the change in moles and basis set superposition errors (BSSE), respectively. The BSSE was calculated using the counterpoise method 43 implemented in G09 for gas phase complexes. However, it is not possible to perform both counterpoise 
Here, ΔH BSSE vac is the BSSE corrected enthalpy change in gas-phase and ΔH corr solv is the solvation correction term. ΔH corr solv is the difference between enthalpies in solvent and in gas-phase without BSSE correction given by the following equation:
For simplicity, the superscript "BSSE" is dropped and enthalpy changes represented throughout following sections represent the BSSE corrected ones unless otherwise indicated. The shift in the O H frequency upon the hydrogen-bonded complex formation was calculated as a difference of O H frequency of free acid and O H frequency of H-bonded acid in CCl 4 .
3. Results and Discussion
Benchmark calculations
A frequently encountered challenge in the high-level first-principles calculations using large basis set is that the disk space and memory increase tremendously. For example, the size of the basis functions at the MP2/6-31+G(d,p), MP2/ccpVTZ and MP2/aug-cc-pVTZ levels for methanol-MDSO complex are 184, 324 and 510, respectively. Hence, moving from 6-31+G(d,p) to cc-pVTZ amount of resource needed for computations increases by a factor of ∼ 16. Similarly, augmentation of cc-pVTZ increases the resource requirement by another factor of 10. In the context of the present work, test calculations were performed on methanol complexes using different basis sets to find the reliable basis set with less computational expenses. Figure 1 compares computed enthalpy changes in CCl 4 at 6-31+G(d,p), ccpVTZ and aug-cc-pVTZ basis sets with the experimental values. Computed results are quantitatively different depending on the level of calculations. Specifically, MP2/6-31+G(d,p) results tend to slightly underestimate whereas MP2/cc-pVTZ and MP2/aug-cc-pVTZ results tend to slightly overestimate enthalpy changes compared to the experimental values. This shows that the MP2/6-31+G(d,p) results are close to the experimental results, captures essential physics and can be performed at less expensive computational. In the present work, the reported calculations are at MP2/6-31+G(d,p) unless otherwise indicated. 
Geometries of acid-base complexes and hydrogen bonding
The minimum energy structures of 25 acid-base complexes are depicted in Fig. 2 . Hydrogen bonding on each of these complexes is formed between a lone pair of electrons in the highest occupied molecular orbital (HOMO) of a base and a lowest unoccupied molecular orbital (LUMO) of an acid. In other words, a base acts as an electron pair (HOMO electrons) donor and an acid acts as an electron pair acceptor (shared to LUMO) to form the hydrogen bond of an acid-base complex. The positive (blue) and the negative (red) phases of HOMO orbitals are also shown (Fig. 2) for each complex. The orientation of these orbitals provides valuable information on the directionality of the hydrogen bond. In each minimum-energy acid-base complex, the HOMO orbital of a base is oriented toward the hydrogen atom of OH group of an acid. This preferred orientation of HOMO orbital forms a stable acid-base complex.
In the minimum energy benzene complexes, as seen in Fig. 1 , the hydroxyl group of each aliphatic alcohol faces to the center of the C C bond rather than to the center of the aromatic ring because of the fact that HOMO orbital is localized on C C bond length. In the case of phenol-benzene complex, both the hydroxyl group and the C H bond of the phenol are bound on a carbon-carbon bond of the benzene ring. This makes the hydrogen-bonded complex for benzene with phenol unique geometry compared to complexes of benzene with aliphatic alcohols. The structure of both of these complexes match the structure reported for methanol-benzene 28 and phenol-benzene complexes.
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The key structural parameter for acid-base complexes (Fig. 2) is hydrogen bond (HB) length (Table 2 ). Figure 3 shows the variation of HB length for different complexes in CCl 4 solvent. For a given base, there is a slight variation of HB lengths among aliphatic alcohols (Fig. 3) of phenol complexes with benzene, pyridine, Et 2 O, THF and DMSO decrease by 0.1124Å, 0.1079Å, 1.008Å, 0.0883Å and 0.0635Å, respectively compared to aliphatic alcohol complexes. The different HB length for aliphatic and phenol complexes with a given base can be understood in terms of different acidic strengths. All carbon atoms in phenol are sp 2 hybridized and actual C C bonds can be best considered as represented by the resonance structures. In contrast, carbon atoms in aliphatic alcohols are sp 3 hybridized and are saturated. Resonance structures of phenol stabilize oxygen anion from the OH group and hence the hydrogen atom in phenol is loosely bound compared to the hydrogen atom of aliphatic alcohols. Consequently, loosely-bound hydrogen atom forms stronger HB with the base. In other words, stronger HB has shorter HB length. Phenol derivatives such as 4-fluorophenol and 4-nitrophenol are even stronger acids than phenol and form stronger HB. Variations of HB lengths across acid-base complexes have been studied in a vacuum (filled circles and triangle in Fig. 3) .
28, 46 Kone et al. 28 have reported HB lengths of 2.540Å, 1.934Å, 1.853Å and 1.826Å, respectively for methanol complexes with benzene, pyridine, THF and DMSO. Fujji et al. 46 have reported HB length of 2.417Å for the phenol-benzene complex. We have also computed HB lengths of these complexes in vacuum and results agree very closely with the reported values. Comparison of HB lengths in vacuum and CCl 4 mediums shows that the solvation affects HB lengths. For instant, the decrease in HB length going from vacuum to CCl 4 solvent is ∼ 0.002Å for phenol complexes and ∼ 0.03Å for methanol complexes. These changes on HB length have strong effect on Δν.
O-H frequency shift
Infrared spectroscopy plays an important role in understanding acid-base interactions and HB formations because of its sensitivity to the presence of HB. In XO H · · · B complex, HB is characterized by weakening (lengthening) of the O H bond because of the electrostatic attraction between H and B. This reduces the force constant of the O H bond and consequently, O H stretching frequency is decreased. 48 Hence, the basis of the spectroscopic study of HB is that O H frequency of XO H· · · B complex shifts to lower frequency compared to the O H frequency of free acid, XO H. This difference in O H frequencies, Δν OH , is expected to correlate very well with the O H bond-length changes (Δr OH ) during the HB bond formation. In fact, good correlations between Δν OH and Δr OH have been reported for similar systems. 50 have reported similar correlation between frequency shift and bond length variation in halogen-bonded complexes.
The O H frequency shift in acid-base complex formation can be understood in terms of molecular orbital interactions. In XO H · · · B, complex molecular orbitals are formed mixing HOMO orbitals of base and the LUMO orbitals of acid. The mixing of these orbitals leads to the intersystem electron density shift from one fragment (base) to another (acid). As a result, the electron density is increased towards O H of acid, H is pulled towards B and O H bond is weakened. This shifts the O H frequency of complex to the lower wavelength. In addition to the effect on spectral property, hydrogen bonding is also known to affect the properties of crystalline and polymeric systems.
51-55

Enthalpy of complex formation
Experimentally, ΔH values are often measured in suitable solvent. Hence, the direct comparison of computed ΔH values with corresponding experimental data requires the computation of ΔH also in suitable solvent, as values of ΔH are expected to be different in gas phase than in solvent. 33 In the present study, we have selected CCl 4 as a solvent for the computation of ΔH for acid-base complexes. Figure 5 Before discussing the relation between ΔH and Δν OH in the following section, it is imperative to see if ΔH is related to the geometric parameter, Δr OH , as Δν OH does (discussed in the previous section). Figure 5( Figure 6 (a) represents the overall correlation of calculated ΔH and Δν OH for 25 acid-base complexes in CCl 4 ( Table 2 ). ΔH and Δν OH are linearly correlated with R 2 value of 0.97 as defined by Eq. (8) .
Correlation between enthalpy and frequency shift
The linear relationship between ΔH and Δν OH also holds for experimental reported values of 15 acid-base complexes in CCl 4 with R 2 value of 0.92.
As evident from Eqs. (8) and (9), both intercept and slope of ΔH versus Δν OH plots agree between theory and experiment. Figure 6( plot are very slightly dependent on the type of acid. Weaker acid (aliphatic alcohol) favors slightly larger slope and slightly smaller intercept than the stronger acid (aromatic alcohol) and vice versa. These trends are supported by slightly smaller m and slightly greater c for phenol complexes compared to 2,2,2-trifluoroalcohol complexes.
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Importantly, the correlation between ΔH and Δν OH is influenced by the medium in which acid-base complex is formed and hence, it is different in solution and gas phases. Figure 7 shows the correlation of ΔH and Δν OH for 25 acid-base complexes in the gas phase. ΔH and Δν OH are linearly correlated as defined by the equation, 
The value of c, as is evident from Figs. 6 and 7 [Eqs. (8) and (10)], is similar in solution and gas phases. However, the value of m differs by ∼ 0.024 kJ mol −1 cm between solution and gas phases. In addition, ΔH and Δν OH are poorly correlated (R 2 = 0.90) in the gas phase. As stated earlier (Fig. 3) , HB distance in complexes of weak base (benzene) with alcohols are nearly equal in gas and solution phases. However, in complexes of strong bases, HB distances vary by ∼ 0.03Å (Fig. 3) . Hence, ΔH and Δν OH of strong acid-base complexes are more dependent on the medium than weak acid-base complexes. Consequently, intercepts are nearly equal in solution and gas phases but slopes are different.
Conclusions
We 
